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Abstract 
The effect of temperature on the formation of the structure and phase composition of the Gorkal 70 grade calcium aluminate cement 
(CAC) during its hydration (W/C=1) at the temperature of +5 ºC, +20 ºC and +40 ºC is investigated. The scanning electron microscopy 
(SEM), X-ray diffraction (XRD) and X-ray microanalysis were used in investigations. It has been found that after 3 days of hydration 
were formed such crystalline hydration products: at 5 ºC only CAH10 is formed in the CAC stone, at the temperature of 20 ºC - CAH10 and 
C2AH8, at the temperature of 40 ºC - the hydrates C3AH6 and AH3. In the cement stone heated at 800 ºC, the hydrates are decomposing, 
and the minerals CA, CA2 and C12A7 are being formed, though the contours of the hydrate crystals’ forms (prisms, plates, irregular cubes) 
actually remain unchanged, when the process of heating is over. Considerable changes in cement stone microstructure observed, after a 
heating at a temperature of 100 ºC - there had been significant increase in the quantity of fine particles and pores. The results of XRD 
analysis showed that, at this temperature the reactions in solid state materials proceed and as a result the amounts of mineral C12A7 are 
decreasing, while those of minerals CA and CA2 are increasing. 
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and peer-review under responsibility of the Vilnius Gediminas Technical University. 
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Calcium aluminate cements (CAC) are special types of cement, commonly used in refractory concrete production. They 
are classified into three groups, based on the amount of Al2O3 (Table 1).  
The main phase of all types of CAC is monocalcium aluminate, CA. Cements with a small amount of Al2O3 (37–54%) 
also contain a considerable amount of gehlenite (C2AS), which, actually, does not hydrate [1]. Cements, containing a large 
amount of Al2O3, which are referred to as white cements, also have CA2 (grossite), CA6 (hibonite) and α-Al2O3, in 
addition to CA [2]. The amount of CA2 in cements, having a large amount of Al2O3, may reach 40%. This mineral very 
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slowly reacts with water at ambient conditions, however, the process may be accelerated by raising the temperature. 
Cements, containing a large amount of Al2O3, usually, also have C12A7 (mayenite), which quickly reacts with water and, 
besides, plays an important role in the nucleation of calcium aluminate hydrates [3]. 
                                              Table 1. Chemical composition of CAC [1] 
Components CAC 
40 % Al2O3 50 % Al2O3 70 % Al2O3 
Al2O3 37.5-45.5 50.8-54.5 68.5-71.0 
CaO 36.5-39.5 36.0-39.0 28.0-31.0 
SiO2 1.6-5.0 2.0-5.5 0.2-0.6 
FeO+Fe2O3 12.0-18.0 1.0-10.0 <0.5 
TiO2 <4.0 <4.0 <0.5 
 
In commonly known refractory concretes, CAC is used as a major binding material, determining thermal characteristics 
of concrete. These characteristics may be adjusted by using a particular type of CAC. Cement, containing 40% Al2O3, is 
used for making concretes, which may be applied at a temperature up to 1300 ºC. Concretes with corundum aggregate and 
cement, containing ≥ 70% of Al2O3 oxide, can withstand temperature, ranging from 1500 ºC to 1800 ºC. In the considered 
cases, when concrete is made to withstand the required temperature, the appropriate refractory concrete aggregate should be 
selected. For example, chamotte should be selected as an aggregate for concretes made with CAC, containing 40% Al2O3, 
because the temperature, at which these two components are used, is close to ~ 1 300 ºC. 
In the paste obtained by mixing cement with water a chemical reactions proceed. The cement minerals having a different 
activity are involved in these reactions [4]. 
Contrary to Portland cement, in which the types of minerals, formed during hardening, do not depend on the duration and 
temperature of hydration, various crystalline and amorphous hydrates are formed in the CAC paste of the same composition 
in the process of hydration, depending on the W/C ratio, curing time and, mainly, on temperature [3], [5-12]. 
In work [3] it is noted that at low hydration temperatures (below 15 ºC) CAH10 is formed, while in the temperature range 
15–27 ºC, CAH10 can coexist with C2AH8 and AH3. When the hydration temperature is raised above 27 ºC C2AH8 and AH3 
dominate, but if the hydration temperature exceeds 50 ºC, C3AH6 and AH3 predominate. However, in work [9] the indicated 
temperature ranges of the predomination of C2AH8 with AH3 and C3AH6 with AH3 are slightly different. In the above work, 
it is indicated that the temperature range of predomination of C2AH8 with AH3 is 15–30 ºC, while the temperature range of 
predomination of C3AH6 with AH3 is above 30 ºC. In this work, it is emphasized that the estimated temperature ranges are 
not strict because self-heating occurred and influenced the formation of hydrates. In works [7], [13] it is noted that due to 
the fact that the composition of the hydration products is highly dependent on temperature, self-heating of the binder mass 
due to the heat released in hydration should be taken into consideration, when investigating CAC hydration. 
The hydration of CA follows the reactions given below: 
CA + 10H → CAH10 
2CA + 11H → C2AH8 + AH3 
3CA + 12H → C3AH6 + 2AH3 
It depends on the temperature range, which of the presented reactions will take place. 
The above – presented scheme of CA hydration reactions corresponds to the schemes presented in works [3], [5], [9], 
[12-13]. 
                                   Table 2. The characteristics of the crystalline state CAC hydrates [3], [15] 
Hydrates 
The chemical composition (%) 
The structure Density (g/cm3) 
CaO Al2O3 H2O 
CAH10 16.6 30.1 53.3 hexagonal 1.743 
C2AH8 31.3 28.4 40.3 hexagonal 1.950 
C3AH6 44.4 27.0 28.6 cubic 2.527 
AH3 - 65.4 34.8 hexagonal 2.420 
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In the papers [10-11], [14] it is reported that, at hydration temperatures up to 20 ºC, the hydrates in the amorphous state 
are formed in considerable amounts. 
In Table 2, the characteristics of crystalline state hydrates are presented. The hydrates CAH10 and C2AH8 are metastable 
and, after a certain period of time, they are transformed into C3AH6 and AH3. For example, at the room temperature, CAH10 
can be transformed into C3AH6 (irregular cubic crystals), AH3 (gibbsite) and H over several years [16]. 
The kinetics of conversion depends on the temperature and humidity and is linked to the symmetry in the crystal 
structure of stable hydrates. The nucleation and growth of the symmetric crystal of C3AH6 requires simultaneous 
organisation of the atoms in all three dimensions. By contrast, the metastable hydrates are non-symmetric crystals with 
strong orientation (plates), which nucleate and grow more easily. The conversion of hydrates, according to the works [5], 
[12-13] can be described by the reactions: 
2CAH10 → C2AH8 + AH3 + 9H 
3C2AH8 → 2C3AH6 + AH3 (gibbsite) + 9H 
C3AH6 is a thermodynamically stable product of CAC hydration. The structure of C3AH6 has been resolved and related to 
that of garnet. 
When CAC is heated, free and physically and chemically bound water is removed from it. In work [17] is indicated that 
dehydration by heating follows the scheme: 
CAH10 → C2AH8 + AH3 
C2AH8 + AH3 → C3AH6 + 2AH3 
C3AH6 + 2AH3 → C12A7 + CA + H 
C3AH6 + 2AH3 + A → CA + H 
This work also indicated that, first, at the temperature of 100 ºC, weakly bound water of the amorphous AH3 gel is 
removed, while CAH10 dehydrates at the temperature of 120 ºC. C2AH8 dehydrates at about 200 ºC, gibbsite – at about 
300 ºC, while, at 300 ºC, crystalline hydrate C3AH6 starts decomposing. 
Cardoso et al. [14] give the following dehydration temperatures in heating: alumina gel – at 100 ºC, CAH10 – at 120 ºC, 
C2AH8 – in the range from 170 to 195 ºC, AH3 (gibbsite) – in the range from 210 to 300 ºC and C3AH6  – in the range from 
240 to 370 ºC. The above data actually agree with the data provided in work [17]. 
After dehydration at the temperature of 500–800 ºC, C12A7 is formed which, under heating at 1 000 ºC, is converted to 
CA, CA2 [2]. 
The results obtained in work [18], where the dehydration of the synthesized C2AH8 was investigated, demonstrate the 
complexity of dehydration of this hydrate (it has been found that the dehydration of C2AH8 undergoes three stages, when 
three molecules are lost at the temperature of 110 ºC, one molecule – at 170 ºC and four – at 300 ºC), demonstrating, at the 
same time, that the simulation gives the possibility for a deeper examination of the process.  
The characteristics of refractory concretes largely depend on the initial CAC stone characteristics, including its phase 
composition and structure, as well as on their changes under high temperature. 
In recent years, the appropriate additives have been searched and investigations made to determine their possibilities to 
increase the mechanical strength and heat resistance of the CAC stone [19-22]. To achieve this aim, the formation of CAC 
stone structure and phase composition, depending on the conditions of the CAC curing, and change of these characteristics 
during the heating of the CAC stone, should be thoroughly investigated. To analyze and evaluate the formation of the CAC 
stone structure and its changes under high temperature, the model samples, in which hydrate crystals may freely grow 
during the process of hardening, should be investigated. To provide such conditions, W/C ratio should be increased 
considerably because, when W/C ratio is not higher than 0.4 (which is the case in ordinary concrete production), hydrate 
crystals can not grow freely. They coalesce to form a whole with the amorphous phase and do not allow for investigating the 
surface of the newly formed crystals and observing the changes, taking place in heating the material. 
Therefore, the aim of the present work is to investigate the formation of microstructure and phase composition of the 
CAC stone, made with W/C=1, depending on the temperature of CAC hardening and the change of these characteristics 
during heating. 
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2. Experimental 
2.1. Materials 
Testing was performed with CAC Gorkal 70, produced at the enterprise ,,Gorka“ in Trzebinia (Poland). Its chemical 
composition (mass %) is as follows: Al2O3 – 69–72; CaO – 28–29; SiO2 < 0.5; Fe2O3 < 0.5. The main minerals are: CA 
(CaO·Al2O3) and CA2 (CaO·2Al2O3), the additional phases are C12A7 and α-Al2O3. Specific surface according to Blaine 
method – 4200–4500 cm
2/g and bulk density – 1100 kg/m3 [22]. The XRD pattern showing the mineral composition of the 
considered cement, is given in Fig. 1. One can see that the minerals CA and CA2 prevail in it. The peak of α-Al2O3 can also 
be observed, while the amount of C12A7 is small. 
Distilled water was used for making the samples. 
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Fig. 1. The XRD pattern of CAC Gorkal 70 
2.2. Preparation of samples 
Cement was mixed with water in a ratio 1:1. The obtained paste was poured into polyethylene bags. To avoid self-
heating, the paste in all bags was evenly distributed so that it would make a thin, 5 mm thick, layer. Polyethylene bags were 
tightly closed and put into the climatic test chamber. The 1–st group samples were cured at the temperature of 5 ºC, the 2–
nd – at 20 ºC and the 3–d group samples – at 40 ºC. All samples were cured for three days.  
One control sample was taken from each group of the hardened samples. Other samples were heated at 800 ºC and 
1000 ºC. Both control and heated samples were tested. 
2.3. Testing methods 
The sample microstructure was investigated by using the field-emission scanning electron microscope SEM JSM-7600F 
(JEOL). The split surface of the samples was tested, using low accelerating voltage (2 kV). This allowed the authors to test 
the split surface not covered by an electricity conducting layer and, in addition, to investigate the changes, taking place at 
the particular surface area due to heating. 
XRD analysis was performed, using the diffractometer DRON-7, with the anode Cu, filter Ni, anode voltage – 30 kV, 
anode current – 12 mA and goniometer slits (0.5; 1.0; 1.5) mm. The ICDD database was used to interpret XRD patterns. 
X-ray microanalysis was performed by the energy dispersion spectrometer (EDS) Inca Energy 350 (Oxford Instruments), 
using Silicon Drift type detector X-Max20. The INCA software package (Oxford Instruments) was used. 
3. Results and discussion 
The results of XRD analysis (Fig. 2) show that only CAH10 was formed, when the CAC was cured at 5 ºC, while at the 
temperature of 20 ºC – CAH10 and C2AH8 and, at the temperature of 40 ºC – C3AH6 and AH3. On the XRD patterns, the 
peaks, indicating the presence of unreacted CAC minerals CA and CA2, could be observed. Moreover, it could be seen that 
the intensity of the diffraction maximums of CA and CA2 was decreasing with the increase of the hydration temperature and 
that C12A7 was not found in samples after three days of their hardening in various temperatures. 
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Fig. 2. XRD pattern of CAC stone after 3-days hardening at the temperature: (a) 5 ºC; (b) 20 ºC; (c) 40 ºC 
The morphology of the crystalline hydrates formed can be seen on the SEM photographs of the split surface of the 
samples (Fig. 3). At low temperature (5 ºC), lots of CAH10 crystals can be observed on the split surface of the sample (Fig. 
3, a). The obtained CAH10 crystals are in the form of a long hexagonal prism (Fig. 3, a), with 0.15 µm an average maximal 
diameter of basal face. 
When the samples are cured at the temperature of 20 ºC, plate-shaped C2AH8 and hexagonal prism-shaped CAH10 
crystals are formed in the CAC stone (Fig. 3, b). In the sample structure, these crystalline hydration products can only be 
observed in some separate locations, near large pores. In the sample microstructure, mass free of crystals can be often seen. 
It seems that this mass is formed of the above mentioned crystalline hydrates and unreacted cement minerals, combined into 
a mass by the amorphous AH3. The average C2AH8 plate thickness reaches 0.1 µm, while an average maximal diameter of 
basal face of CAH10 prism is 0.3 µm. 
In the structure of the samples cured at 40 ˚C (Fig. 3, c), irregular cubic C3AH6 crystals with the average brim length, 
reaching 9 µm, prevail.  
Irregular cubic crystals are completely or partially covered by a crystalline material, consisting of small (about 4 µm) 
crystals (Fig. 3, c). The X-ray microanalysis showed that elemental composition of this material is as follows: Al – 38.32 %, 
O – 59.58 %. (H analysis was not performed, because as used spectrometer can analyse elements beginning with B). The Al 
and O quantities are close to the amount of pure Al(OH)3, which is as follows: Al – 34.6 %, O – 61.5 %. It means that the 
elemental composition of this material is similar to that of AH3(gibbsite). In Fig 2, c (curve c), the diffraction maximums of 
AH3 (gibbsite) can be clearly seen. It shows that this crystalline material is gibbsite. 
 
 
Fig. 3. The microstructure of cement stone samples: after 3 – day hardening at the temperature of (a) 5 ºC; (b) 20 ºC; (c) 40 ºC 
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In works [14], [17], it is noticed that, when the CAC stone is heated up to 800 ºC, the dehydration, causing the hydrates’ 
conversion, proceeds: CAH10 → C2AH8 → C3AH6. The process of dehydration in the CAC stone is finished, during its 
heating at 800 ºC. At the temperature of 800 ºC, C12A7 is formed [2], which, after heating at even higher temperature of 
1000 ºC, is converted to CA and CA2. 
XRD patterns presented in Fig. 4, show that in CAC stone heated at 800 ºC, regardless of its curing temperature, there 
are the minerals CA, CA2 and C12A7 and that among them predominates the mineral C12A7, which was not registrated in the 
XRD patterns of cured, but not heated samples of CAC (Fig. 2). 
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Fig. 4. XRD patterns of CAC stone heated at 800 ºC and 1000 ºC. The curing temperature: (a) 5 ºC; (b) 20 ºC; (c) 40 ºC 
SEM analyses of samples heated at 800 ºC shows that, at this temperature, the morphology of the samples cured at the 
temperature, ranging from 5 ºC to 20 ºC, has not actually changed (compare Fig. 5, a and Fig. 5, b with Fig. 3, a and Fig. 3, 
b, respectively). However, after heating sample cured at 40 ºC, the morphology of its material, identified as AH3 phase 
before sample heating, was slightly changed. In particular, the comparison of Fig. 5, c with Fig. 3, c shows that, the crystals 
shape became more pronounced in this material. 
Thus the analysis of XRD patterns and SEM investigation results of the CAC stone heated at 800 ºC shows that during 
heating at this temperature CAH10, C2AH8, C3AH6 and AH3 decompose, but the contours of the forms of their crystals 
(prisms, plates and irregular cubes) actually remain unchanged. 
 
 
Fig. 5. The microstructure of CAC stone samples heated at 800 ºC: (a) sample cured at 5 ºC; (b) sample cured at 20 ºC; (c) sample cured at 40 ºC 
Considerable changes in structure of CAC stone were found after its heating at the temperature of 1000 ºC (Fig. 6). The 
contours of the crystals in the prism, plate and irregular cube form can hardly be seen, though one can see that these 
elements have split into smaller particles. A higher amount of small pores can also be observed. In some zones of the 
sample cured at 40 ºC, where small gibbsite (AH3) crystals were formed, the stronger coalescence of the particles can be 
observed. The XRD patterns of samples heated at 1000 ºC (Fig. 4) show the decreased intensity of the mineral C12A7 peaks 
and the increased intensity of the peaks of CA and CA2 in the case of the samples cured at all investigated temperatures. 
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Fig. 6. The microstructure of CAC stone samples heated at the temperature of 1000 ºC: (a) sample cured at 5 ºC; (b) sample cured at 20 ºC;  
(c) sample cured at 40 ºC 
The research performed has shown that curing temperature has a great effect on the composition and structure of the 
formed CAC stone hydrates and that the contours of the crystal forms of the obtained hydrates remain unchanged after 
dehydration, which finishes in heating the CAC stone at 800 ºC. 
Conclusions 
The investigation results showed that after 3 days of hydration (W/C=1) have been formed such crystalline hydration 
products: at 5 ºC only CAH10 is formed in the CAC stone, at the temperature of 20 ºC - CAH10 and C2AH8, at the 
temperature of 40 ºC - the hydrates C3AH6 and AH3. The CAH10 crystals are in the form of a hexagonal prism with the 
average maximal diameter of basal face ranging from 0.15 µm to 0.30 µm. The average thickness of C2AH8 plates is about 
0.1 µm, while the average brim length of irregular cubes of C3AH6 reaches 9 µm.  
When the cement stone is heated at the temperature of 800 ºC, the hydrates, obtained in its curing process decompose, 
and the minerals CA, CA2 and C12A7 are formed. However, the contours of the hydrate crystal forms (prisms, plates and 
irregular cubes) actually remain unchanged after heating the cement stone at the above temperature. Considerable changes 
in microstructure are seen, when the cement stone is heated at the temperature of 1000 ºC - the amount of fine particles and 
pores increase highly. XRD patterns show that, at this temperature, the reactions in solid state materials proceed and as a 
result the amount of C12A7 is decreasing, while the amount of CA and CA2 are increasing. 
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